Lipopolysaccharide (LPS), a component of the outer membrane of gram-negative bacteria, causes the same clinical features as can be observed in patients with sepsis (24) . LPS administered to an organism is cleared from the blood mainly by the liver (10, 12) . Kupffer cells, and to a lesser extent liver endothelial cells and liver parenchymal cells, are responsible for the clearance of LPS from the blood (25, 29, 36, 49) . Upon binding of LPS to Kupffer cells, LPS is taken up and processed (11) . Uptake of LPS by Kupffer cells leads to the release of mediators, such as tumor necrosis factor alpha (TNF-␣), interleukin-1␣ (IL-1␣), IL-1␤, and IL-6, by those cells (4, 6) , which have profound effects on the physiological and metabolic state of the liver and body.
Several binding sites for LPS have been described, but the binding of LPS to these sites does not necessarily lead to a biological response of the target cells. Wright and Jong showed that the CD11-CD18 complex on human macrophages was able to bind LPS (45) . This receptor consists of a CD18 ␤ chain and a CD11a, -b, or -c ␣ chain. CD11-CD18 recognizes the lipid A part of LPS and may contribute to the clearance of LPS from the circulation. Monocyte-derived macrophages of which the CD11/CD18 receptors are blocked show a reduced binding of erythrocyte-bound LPS and Escherichia coli bacteria (45) . In addition, polymorphonuclear leukocytes of CD18-deficient patients are significantly less able than control cells to bind LPS (46) . However, leukocytes obtained from patients who lack CD18 are able to respond to LPS in the same way as leukocytes from healthy humans (44) , and treatment of leukocytes with an antibody against CD18 does not reduce the LPS-induced release of TNF-␣ by these cells (47) . Until recently, no role in cellular activation by LPS was known for the CD18 receptor, but Ingalls and Golenbock described an activation of the transcription factor NF-B upon stimulation of CD11c-CD18-transfected CHO cells with LPS (18) .
In the circulation, LPS may bind via lipid A to the LPS binding protein (LBP), which is an acute-phase protein produced by parenchymal cells (37, 38, 48) . Binding of LPS by LBP is followed by binding of this complex to CD14 (47) . Although it is known that CD14 mediates LPS-induced cell activation (40, 41, 47) , the exact mechanism is not fully understood. Since CD14 is a glycosylphosphatidylinositol (GPI)-anchored membrane protein (17, 33) , direct communication with the interior of the cell is not possible, indicating that an additional protein(s) is required for signalling. This protein has not been identified. Furthermore, LBP may also transfer LPS to a soluble form of CD14, forming a complex that binds to non-CD14-bearing cells and can provoke a cellular response in these cells (13, 26) . A heptose-specific receptor for LPS is located on liver parenchymal cells (23) . A metabolic response upon binding of LPS to this receptor has not been reported.
Another group of receptors known to bind LPS are the scavenger receptors. Scavenger receptors are reported to bind modified forms of low-density lipoprotein (LDL) (reviewed in reference 34), as well as lipid IV A (the bioactive precursor of lipid A) and LPS (15) . Binding of lipid A or lipid IV A does not result in a metabolic response but may be important in the clearance and detoxification of LPS in animals. Liver cells express at least two kinds of scavenger receptors. In the liver, the 220-kDa scavenger receptor, known as scavenger receptor class A (SR-A), is expressed predominantly on endothelial cells but also present on Kupffer cells. Two types of SR-A (type I and type II), which are equally efficient in the binding and uptake of acetylated LDL (acLDL), have been described (19, 28) . In addition to SR-A, Kupffer cells express a 95-kDa scavenger receptor that is specific for oxidized LDL (oxLDL) (7, 8) , identified as macrosialin, the mouse equivalent of CD68 (43) .
In this study, we examined the role of scavenger receptors on Kupffer and liver endothelial cells in the binding of LPS.
MATERIALS AND METHODS

Chemicals.
125 I, sodium salt, was obtained from Amersham, Buckinghamshire, England; collagenase type IV, bovine serum albumin (BSA) fraction V, fucoidin, poly(I), and poly(A) were from Sigma, St. Louis, Mo. LPS from Salmonella minnesota R595 (Re-LPS) was obtained as a lyophilized powder from List Biological Laboratories Inc., Campbell, Calif. Dulbecco's modified Eagle's medium (DMEM) was from GIBCO, Irvine, Scotland. Nycodenz was from Nycomed A/S, Oslo, Norway; phospholipase C was from Boehringer GmbH, Mannheim, Germany. All other reagents were of analytical grade.
Isolation and modification of LDLs. Blood from healthy volunteers was collected into K 3 -EDTA (1 mg/ml)-containing tubes. Plasma was separated from the blood within 1 h, and butylated hydroxytoluene (40 M) in dimethylsulfoxide (Me 2 SO; 0.1%, vol/vol) was added. LDL (density of 1.019 to 1.063 g/ml) was isolated by density gradient ultracentrifugation as described by Redgrave et al. (27) . Immediately after isolation, 40 M butylated hydroxytoluene was added to the LDL, except for the LDL used for oxidative modification. Acetylation of LDL was done as described by Basu et al. (1a) . Cu 2ϩ oxidation of LDL was performed as described earlier (42) . Lipoproteins were dialyzed against Tris buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.2 mM EDTA) and saturated with nitrogen. acLDL and oxLDL were radiolabelled by the method of McFarlane (21) as modified by Bilheimer et al. (2) .
Labelling of LPS. LPS was labelled by the method of Ulevitch (39) . LPS was derivatized with p-OH methylbenzimidate and dialyzed against phosphate-buffered saline. The modified LPS was subsequently iodinated by using chloramine T. The reaction was stopped by the addition of sodium metabisulfite. Free Na 125 I was removed by dialysis against phosphate-buffered saline for 72 h. The labelling method did not alter the biological activity of LPS as determined by the method of Ulevitch (39) .
Serum decay, liver uptake, and organ distribution. Male Wistar rats (220 to 350 g) were anesthetized by intraperitoneal injection of sodium pentobarbital (15 mg/kg of body weight). The abdomens were opened, and 125 I-LPS was injected in the inferior vena cava with or without a preinjection of fucoidin 1 min prior to 125 I-LPS injection. At the indicated times, blood samples of 300 l were withdrawn from the inferior vena cava and allowed to clot for 30 min. The samples were centrifuged for 3 min at 10,000 ϫ g, and serum samples of 100 l were counted for radioactivity.
At the indicated times, liver lobules were tied off and removed. The liver lobules were weighed, and radioactivity was determined. Radioactivity was corrected for radioactivity in serum determined to be present at the time of sampling.
Cell distribution. Rats were anesthetized by intraperitoneal injection of sodium pentobarbital (15 mg/kg of body weight). The abdomens were opened, and 125 I-LPS was injected in the inferior vena cava with or without a preinjection of fucoidin 1 min prior to 125 I-LPS injection. After 15 min, the liver was perfused with Hanks' buffer containing 1.6 g of HEPES/liter at 8°C. After 8 min of perfusion, a lobule was tied off and removed for determination of total liver uptake. The liver was subsequently perfused with collagenase (0.05%, wt/vol) at 8°C, and parenchymal cells were separated from nonparenchymal cells by differential centrifugation. The liver residue was further digested by stirring with pronase (0.25%, wt/vol) at 8°C, and the endothelial cells and Kupffer cells were separated by centrifugal elutriation as described before (22) . The contribution of the various liver cell types to total liver uptake was calculated as described earlier (22) .
Binding studies. Endothelial and Kupffer liver cells were isolated from male Wistar rats (250 to 300 g) by collagenase (type IV, 0.05%) perfusion of the liver by the method of Seglen (31) and subsequent counterflow centrifugation as described in detail elsewhere (20) . Kupffer and endothelial cells were more than 95% pure, as judged by peroxidase staining for 20 min at 37°C in Tris buffer (pH 7.4) containing 0.1% (wt/vol) 3,3Јdiaminobenzidine, 7% (wt/vol) sucrose, and 0.3% H 2 O 2 .
Freshly isolated cells were incubated with 125 I-LPS, in the presence or absence of a competitor, in DMEM containing 2% (wt/vol) BSA (total volume of 0.5 ml) at 4°C for 2 h. A circulating lab shaker (Adolf Kühner AG, Switzerland) at 150 rpm was used. After incubation, the cells were washed twice with 1 ml of medium containing 50 mM Tris-HCl, 0.15 M NaCl, 5 mM CaCl 2 , and 0.2% BSA (pH 7.4) and once with 1 ml of medium without BSA. Cells were resuspended in 0.5 ml of H 2 O, and radioactivity was counted in a Packard gamma counter. Protein was then determined by the Lowry method, using BSA as the standard.
For displacement studies, the binding of 125 I-LPS without competitors was taken as 100% binding. For saturation studies, maximal binding of LPS to the different cell types was determined by computerized nonlinear graph fitting according to a single-site binding model (20) .
Statistical analysis. Statistical significance was determined by using a two-way analysis of variance or a two-tailed Student t test. Data are expressed as means, and errors represent the variation between data points (when n ϭ 2) or standard deviation (SD) (n Ն 3).
RESULTS
To identify the role of scavenger receptors in the metabolism of LPS, we determined the effect of fucoidin, a well-described inhibitor of scavenger receptors, on the uptake of LPS by the liver. In vivo, the serum decay of 125 I-LPS in rats that received a preinjection of fucoidin was less than that in control rats (P Ͻ 0.0001) (Fig. 1A) . Upon injection of 125 I-LPS, a biphasic serum decay was observed, and approximately 90% of the LPS was cleared in the first phase (half-life of Ͻ2 min). In control rats, 5.8% Ϯ 1.2% of the injected radioactivity was found in the serum 40 min after injection of 125 I-LPS. After preinjection of fucoidin, approximately 65% was cleared from the serum in the first 5 min, and 15.2% Ϯ 1.3% of the radioactivity remained in the serum until 40 min after injection. In control rats, maximally 82.0% Ϯ 10.0% of the injected dose (ID) was recovered in the liver at 20 min after injection (Fig. 1B) . At 40 min after injection, still 77.3% Ϯ 2.8% of the injected radioactivity was found in the liver. After preinjection of fucoidin, the radioactivity found in the liver at 20 min after injection was 57.6% Ϯ 2.5% of the ID, which is a 34% reduction compared to control rats. At 40 min after injection, fucoidin reduced the maximum radioactivity in the liver to 45.4% Ϯ 0.4% of the ID, a decrease of 41% (P Ͻ 0.01).
To determine the role of the various liver cell types in the liver uptake of 125 I-LPS, we determined the liver cell distribution of 125 I-LPS. In control rats, Kupffer cells showed a specific binding of 1,179% Ϯ 233% of the ID ϫ 10 3 /mg of cell protein. Preinjection of rats with fucoidin decreased the binding of 125 I-LPS to Kupffer cells 72%, to 331% Ϯ 116% of the ID ϫ 10 3 /mg of cell protein (P Ͻ 0.005) ( Fig. 2A) . The specific binding of 125 I-LPS to endothelial cells in control rats was 292% Ϯ 52% of the ID ϫ 10 3 /mg of cell protein, and that in fucoidin-treated rats was 84% Ϯ 37% of the ID ϫ 10 3 /mg of cell protein, a reduction of 71% (P Ͻ 0.005) (Fig. 2A) . Although the absolute binding of 125 I-LPS to both Kupffer and endothelial cells decreased after preinjection with fucoidin, no effect of fucoidin on the specific binding of 125 I-LPS to the parenchymal cells was observed (Fig. 2B) .
The influence of various scavenger receptor ligands on the binding of 125 I-LPS to Kupffer and liver endothelial cells was tested on freshly isolated liver cells. Unlabelled LPS inhibited the binding of 125 I-LPS to endothelial and Kupffer cells 85% Ϯ 2% and 86% Ϯ 1%, respectively, indicating that specific binding sites were involved in the interaction of LPS with those cells (Fig. 3) . LPS displaced itself with a K i of 6 g/ml on endothelial cells and a K i of 12.7 g/ml on Kupffer cells. Scavenger receptors discriminate between polynucleotides: poly(I) is a scavenger receptor ligand, while poly(A) is not. Therefore, we evaluated the influence of poly(I) and poly(A) on the binding of LPS to isolated liver endothelial and Kupffer cells. Poly(I) inhibited the binding of 125 I-LPS to endothelial and Kupffer cells 78% Ϯ 3% and 75% Ϯ 10%, respectively. Poly(I) displaced LPS with a K i of 1.9 g/ml on endothelial cells and a K i of 2.0 g/ml on Kupffer cells. Poly(A) had no significant effect on the binding of LPS to both cell types (Fig. 4) .
Because lipid IV A is described as a ligand for SR-A on endothelial cells and macrophages, we performed competition experiments using radioiodinated acLDL and oxLDL as ligands and LPS as a competitor. LPS inhibited the binding of 125 I-acLDL to endothelial cells 55% Ϯ 10% and 125 I-acLDL binding to Kupffer cells 40% Ϯ 4% (Fig. 5) . Displacement of 125 I-acLDL by LPS on endothelial and Kupffer cells took place with K i values of 11.1 and 3.4 g/ml, respectively. Binding of 125 I-oxLDL to endothelial and Kupffer cells was reduced by LPS 61% Ϯ 3% and 65% Ϯ 5%, respectively (Fig. 5) . LPS displaced 125 I-oxLDL on endothelial and Kupffer cells with K i values of 18.4 and 6.9 g/ml, respectively. We also tested whether modified lipoproteins could inhibit binding of LPS to liver endothelial or Kupffer cells. oxLDL and acLDL were not able to inhibit binding of 125 I-LPS to endothelial or Kupffer cells (Fig. 6) .
To compare the total number of binding sites for LPS with the number of binding sites on the 220-and 95 kDa receptors, we determined the maximal binding of 125 I-LPS to liver endothelial and Kupffer cells. Cells were incubated with increasing amounts of 125 I-LPS. Nonspecific binding was determined with an excess of unlabelled LPS. Maximal binding of 125 I-LPS to endothelial cells was 6,701 Ϯ 1,566 ng/mg of cell protein, and that to Kupffer cells was 7,786 Ϯ 807 ng/mg of cell protein.
To estimate whether the contribution of poly(I)-sensitive sites to the binding of LPS is the same at different LPS concentrations, cells were incubated with an increasing amount of 125 I-LPS and an excess of poly(I) (Fig. 7) . To determine the percentage of poly(I)-sensitive LPS binding sites, we compared the difference between binding of 125 I-LPS in the absence and in the presence of poly(I). The contribution of poly(I)-sensitive sites to the binding of LPS by endothelial and Kupffer cells remained constant up to an LPS concentration of 100 ng/ml (Fig. 7) . When the amount of LPS was further increased, the contribution of poly(I)-sensitive binding sites increased (results not shown).
To estimate the contribution of CD14 to the binding of LPS by Kupffer cells, Kupffer cells were treated with phospholipase CD14 is a GPI-anchored protein. GPI-linked proteins were specifically removed from the cell membrane by phospholipase C. Treatment of Kupffer cells with phospholipase C, however, had no significant effect on the total binding of 125 I-LPS (Fig. 8 ).
DISCUSSION
The scavenger receptor was first recognized as a receptor that played an important role in the uptake of modified lipoproteins by cultured macrophages, resulting in an accumulation of cholesterol esters and the subsequent transformation of the macrophages into foam cells (3, 14) . Macrophage-derived foam cells are an important feature of early atherosclerotic lesions (34). Kodama et al. identified and cloned two types of the scavenger receptor, SR-A types I and II (19) . Modified lipoproteins injected into an organism are recognized by the liver (22, 42) . Within the liver, acLDL is preferentially associated with endothelial cells, whereas oxLDL is associated mainly with Kupffer cells (42) . Kupffer cells have an additional scavenger receptor different from SR-A. This scavenger receptor, with a molecular mass of 95 kDa, is a specific binding site for oxLDL (7, 8) and was recently identified as macrosialin (43) .
Besides having a role in the development of atherosclerosis, scavenger receptors may also be involved in the course of sepsis. It has been demonstrated that lipid IV A is a scavenger receptor ligand (15) . Recently, it was demonstrated that although SR-A knockout mice are less prone to develop atherosclerotic lesions, they are more susceptible to infections with Listeria monocytogenes or LPS-induced shock (16, 35) . The present study describes the role of scavenger receptors on liver endothelial and Kupffer cells in the binding of LPS. Scavenger receptors are known to bind negatively charged compounds. We tested the ability of the scavenger receptor ligand fucoidin to inhibit the uptake of LPS by the liver in vivo. Serum decay of radiolabelled LPS was inhibited by fucoidin. In addition, fucoidin reduced the liver uptake of radiolabelled LPS. The decreased binding of LPS to the liver was due to a reduced binding to the liver endothelial and Kupffer cells. These cells are known to express scavenger receptors on their surface (8, 9) . The binding of LPS to isolated liver endothelial and Kupffer cells was markedly inhibited by poly(I), while poly(A) had no effect. This specificity in inhibition is in accordance with the binding of poly(I) and poly(A) to SR-A types I and II (3). The modified lipoproteins acLDL and oxLDL did not significantly inhibit the binding of LPS to isolated liver endothelial and Kupffer cells, although LPS can bind to SR-A (15). In the reciprocal experiments, LPS was able to inhibit binding of radiolabelled acLDL and oxLDL to liver endothelial and Kupffer cells, indicating that LPS does bind to SR-A. On Kupffer cells, LPS inhibited binding of acLDL approximately 40%, representing binding to SR-A. Binding of oxLDL was reduced by LPS approximately 65%. Macrosialin on Kupffer cells is oxLDL specific, and this receptor does not bind acLDL (7) . According to this concept, binding of oxLDL to Kupffer cells is a result of binding to SR-A and macrosialin. On Kupffer cells, relatively more oxLDL than acLDL could be replaced by LPS, indicating that some of the binding of oxLDL to Kupffer cells was binding to an oxLDL-specific binding site, presumably macrosialin. Since LPS could displace the binding of ox-LDL to Kupffer cells, LPS may also bind to macrosialin.
To compare the total number of binding sites for LPS with the total number of binding sites for acLDL and oxLDL, we estimated the maximal binding of LPS to endothelial and Kupffer cells in nanograms per milligram of cell protein. Since the concentration of LPS that we used was higher than the critical micelle concentration (30), we assume that the LPS in our experiments is present in the form of micelles. From the molecular mass of Re-LPS used in our experiments (2.9 kDa) and the average size of micelles formed by Re-LPS in aqueous solutions (2,000 kDa) (32) , the levels of binding of LPS to endothelial and Kupffer cells were calculated to be 2,310,000 and 2,680,000 fmol/mg of cell protein, respectively. Maximal binding of acLDL and oxLDL to liver endothelial and Kupffer (8) . The LPS used in our experiments (Re-LPS) differs from lipid A by the presence of 2-keto-3-deoxyoctonic acid sugars, which are linked to one of the glucosamines of the lipid A moiety. Experiments by Shnyra and Lindberg showed that the acidic 2-keto-3-deoxyoctonic acid sugars and the phosphate groups of glucosamine play a role in the binding of Re-LPS to liver cells (32) . Our results indicate that those carbohydrate and phosphate groups may be important for binding of LPS to macrosialin on Kupffer cells. Scavenger receptors of class B (SR-BI and CD36) are not likely to be involved in the binding of LPS. SR-B, which in the liver is expressed mainly on parenchymal cells, is not sensitive to fucoidin or poly(I) (1, 10a), whereas CD36 is not expressed at all in the liver (1). This finding indicates that the polyanion-sensitive binding of LPS in the liver is not likely to be mediated by class B scavenger receptors.
Cavaillon and colleagues found that fucoidin, a scavenger receptor ligand, was able to induce the release of TNF-␣ and IL-6 by isolated human monocytes (5). The responsible receptor appeared to be the CD14 molecule, as assessed with anti-CD14 antibodies. The removal of CD14 by phosphatidylinositol (PI)-specific phospholipase C (PI-PLC) treatment could not be monitored adequately in our experiments, since an anti-rat CD14 is not available. We have, however, shown that treatment of Kupffer cells with PI-PLC efficiently removes other PI-linked receptors, such as the urokinase receptor, from Kupffer cells (42a) . The fact that treatment of Kupffer cells with PI-PLC had no effect on the binding of LPS strongly indicated that CD14 was quantitatively not involved in the binding of LPS to Kupffer or endothelial cells.
In our study, we identified binding sites for LPS that behave like scavenger receptors, yet their binding characteristics did not fully correspond to those of SR-A (type I and type II) on liver endothelial and Kupffer cells or those of macrosialin on Kupffer cells. In addition, we found that LPS binds to an oxLDL-specific binding site on Kupffer cells, which may represent macrosialin. The binding of LPS to scavenger receptors may be considered a noninflammatory way to remove LPS from the body, since it was shown by Hampton et al. (15) that the binding of lipid A to SR-A did not lead to cellular activation. More recently, it was shown that mice that were SR-A deficient were more sensitive to LPS, indicating that the SR-A contributed to the noninflammatory removal of LPS (16) . Further experiments should concentrate on the nature of these new receptors and explore their role in the metabolism and pathophysiology of LPS.
